Abstract-Individuals with poststroke hemiparesis often exhibit mobility deficits, particularly during tasks requiring high lower limb torques. The sit-to-stand transition is consistently marked by asymmetrical weight-bearing between the paretic and unaffected legs. One way to improve characteristics of stroke sit-to-stand may be to provide assistive knee extension torque with a powered exoskeleton. To perform research on the biomechanical effects of assisting sit-to-stand, a unilateral powered knee exoskeleton is required, which can accurately control torque. This paper introduces a novel series elastic actuator capable of producing the full torques and speeds required for sit-tostand (80 Nm, 3 rad/s). It utilizes a unique transmission configuration with a series fiberglass beam spring that improves torque-control and reduces output impedance. The actuator is incorporated into a unilateral orthosis and a high-level sit-to-stand controller is implemented. A small validation study with three able-bodied subjects performing sit-to-stand is presented, demonstrating the ability to appropriately provide assistance.
I. INTRODUCTION
T HERE ARE millions of stroke survivors with chronic hemiparesis living in the United States [1] , [2] . For these individuals, mobility tasks such as the sit-to-stand (STS) transition become extremely difficult or impossible. In particular, sit-to-stand is commonly marked by increased postural sway and weight-bearing asymmetry between the paretic and unaffected legs [3] , [4] . This asymmetry has been linked to an increased risk of falls [3] . Increased effort required to stand may also lead to inactivity and further deterioration of mobility.
At a joint level, kinetic asymmetry is most marked in the knee, where the paretic knee often contributes little to none of the torque required for more normative sit-to-stand [5] . The knee may provide up to 70% of the mechanical work to complete the transition [6] , so this deficit leaves other joints or excessive pre-seat-off torso momentum to compensate. Knee strength is also a strong predictor of the ability to perform independent sit-to-stand in more severely affected patients [7] .
A knee exoskeleton providing extension assistance during sit-to-stand may be able to compensate for the missing knee torque and improve weight-bearing symmetry. To explore this concept, we plan to perform research with stroke subjects where assistive torque is provided by a knee exoskeleton. This research is expected to determine the efficacy of using such a device to improve sit-to-stand biomechanics. Additionally, it will provide specific design requirements, such as maximum torque, for future devices that may assist with sit-to-stand and other mobility tasks.
Despite a rich history in powered lower-limb exoskeletons [8] - [10] , there are no suitable devices on the market to perform the proposed research. The AlterG Bionic Leg [11] is a knee exoskeleton capable of the torques required to aid sit-tostand, but suffers from poor torque controllability, limited speed capability, and substantial mass.
More examples of active knee orthoses exist in the literature. Many use a series elastic actuator (SEA) configuration to improve torque-controllability and reduce output impedance [12] - [15] . The RoboKnee [16] is a torque-controllable knee exoskeleton designed to assist stair ascent and knee-bends while carrying a load, but is not able to be used in the sitting position due to geometric constraints. More recently, Karavas et al. [17] introduced a design of a variable-stiffness knee exoskeleton, and used processed electromyographic signals (EMG) in a musculoskeletal model to command torque and stiffness during able-bodied sit-to-stand. SERKA, a flexion-assistance knee exoskeleton with low output impedance, was used with stroke subjects to mitigate stiff-knee gait [18] .
To perform experiments assisting sit-to-stand with stroke subjects, we developed a torque-controllable knee exoskeleton capable of providing the full torques and speeds required for sit-to-stand. The design uses a series fiberglass spring with excellent energy storage density, improving closed-loop torque controllability while adding minimal mass. A high-level control scheme was developed which adds a known amount of mechanical energy into the system and allows flexibility in the timing and joint work distribution. Finally, the device was validated on three able-bodied subjects. The primary contributions of this paper include introducing the design and control of a novel SEA configuration, describing special considerations for the design of a unilateral exoskeleton interface, and presenting validation of the device by providing assistance during able-bodied sit-to-stand.
We published an abbreviated version of the actuator design and characterization in the proceedings of the 2016 IEEE Engineering in Medicine and Biology Conference [19] .
II. MECHATRONIC DESIGN

A. Design Objectives
The goal of the knee actuator is to provide the torques and speeds required for sit-to-stand, controlling torque with high accuracy. Table I summarizes the actuator design goals.
The amount of knee assistance that is most suitable for assisting stroke subjects with sit-to-stand is not known. To determine the most appropriate levels of assistance, the actuator needs to be capable of the full range of assistance levels, up to 100% of the required knee torques for symmetry. Normalized peak knee torques during able-bodied sit-to-stand are typically reported in the range of 0.5-0.8 Nm/kg [20] - [23] . For a 100 kg subject, the upper bound of this range provides a design target of a maximum short-duration torque of 80 Nm. Peak knee velocities for STS vary considerably in the literature, but do not exceed 3.0 rad/s. Thus, the speed requirement was set to at least 3.0 rad/s [6] , [21] .
The actuator needs to be torque controllable, with appropriate bandwidth for sit-to-stand, and minimal output impedance. Torque accuracy and torque tracking performance are particularly important; this is a research device, and we must be able to accurately report assistive torques [24] . With good torquecontrol performance, our high-level control will be able to modulate net energy flow from the exoskeleton to the knee with appropriate precision. During level-ground walking, 99% of the power in kinematic signals is contained below 6 Hz [25] ; we extended our target of torque control bandwidth to 10 Hz, because of the high rate of knee torque build-up (190 Nm/s) required during STS [23] .
The weight of the actuator needs to be minimized, to prevent interference with the dynamics of the movement or create discomfort. Proximal distribution of weight will also reduce inertia as seen by the hips. Minimizing lateral protrusion of the orthosis is important for comfort and cosmesis in lower limb exoskeletons. While this device was primarily designed to be a research device, it has potential to be refined and extended to a more clinically relevant device, in which volume and shape are greater concerns.
The orthosis needs to be adjustable, comfortable, lightweight, and appropriately transmit torques from the laterally placed actuator to the leg without creating an axial torsion or twisting motion about the thigh. It needs to bear its own weight through an ankle joint, to reduce discomfort and maintain alignment.
B. Actuator Transmission Design
A brushless dc motor rated for 200 W (EC30, Maxon Motor, Sachseln, Switzerland) drives a 2.5 mm lead ball screw (Thomson Industries, Inc., Radford VA, USA) after an initial 2:1 timing belt transmission (see Fig. 1 ). The ball nut is linked to the spring through a two-force member (denoted "L2" in Fig. 1) . A linear guide runs parallel to the ball screw, preventing radial loading on the ball screw (i.e., it supports the force component in L2 perpendicular to the screw). The pivot of L2 intersects the ball screw and transmits forces to the center of the linear carriage, so there are no moments transmitted to the guide. The ball screw was chosen for its efficiency, high mechanical advantage, and thin profile, which helps reduce lateral protrusio.
The linkage provides several advantages over a more traditional ball screw approach, in which the nut or screw is directly attached to the output [26] , [27] . An increased range of motion, in which transmission ratio is maintained within a desirable range, can be accomplished. This concept was similarly exploited-using a four-bar Hoeken's linkage rather than linear rail-by Knabe et al. [28] . The linkage was modified to maintain allowable loading on the ball screw, linear rail, and spring, as well as to increase transmission ratio in the range of motion featuring the largest torques during sit-to-stand (75-110°).
The actuator uses a series spring between the transmission and output [12] , [13] . For our purposes, there were three primary reasons to incorporate a spring.
1) Measuring deflection of the spring can provide an accurate measurement of torque to be used for feedback control. These measurements can have less noise than commercial torque or force sensors based on strain-gauges, thus requiring less filtering and improving controllability. 2) Despite the high efficiency of a ball screw, it is still difficult to make fine adjustments to output torque with a rigid transmission, due to stiction, backlash, torque ripple, and reflected inertia. Transmissions are better at finely modulating position. By incorporating a spring between the load and transmission, we can use small movements of the transmission to create small changes in torque, effectively "turning the force-control problem into a position control one" [12] . 3) Including the spring decouples the drivetrain inertia and friction from the output. This allows the control more time to make adjustments in response to positional perturbations, improving back-drivability and reducing output impedance. 
C. Spring Design
The transmission design is largely centered on the choice of a cantilever fiberglass beam as the elastic element. Fiberglass has been used little in SEAs, despite its advantages. In particular, fiberglass has extremely high energy storage capacity per unit mass. Given desired stiffness and strength requirements, an ideally loaded fiberglass spring (in which the full volume is equally strained) can be 1/8th the mass of an elastic element constructed from spring steel [29] , or half the mass of carbon fiber. (Carbon fiber has similarly been used as the series elastic element in a linkage for an ankle exoskeleton [30] .) The advantage in energy density is partially offset by the feasible geometries of a fiberglass spring; a beam spring, which is not ideally strained at fracture, is the only practical configuration.
A constant-cross section fiberglass beam spring was used in an SEA configuration by Caputo and Collins [29] in an ankle prosthesis. To maximize energy storage in a beam spring, the height can be varied in a parabolic profile [31] , doubling the deflection from a constant-height beam of the same length while maintaining the same strength. Removing material also reduces the spring's mass by 33%. A perfect parabolic shape is not feasible, due to mounting considerations, but a finite element analysis (FEA) test indicates that our taper increases deflection by about 75%. A similar geometry for a beam with uniform strength varies its width with a simple triangular profile [30] , [31] . A variable-height geometry, as opposed to variable-width, was used because of the following.
1) It has lower shear stresses-a weakness of unidirectional fiberglass.
2) It more efficiently loads the spring (with the same bounding geometry it can store 33% more energy. 3) Minimizing lateral protrusion was a design goal more easily accomplished with variable height. Another advantage of using a beam spring is that it can be easily mounted. The spring is clamped between machined aluminum at both ends (see Fig. 1 ). Steel die springs, which are commonly used in SEA designs, often require precompression and linear guides (as in [26] ), which may require more complexity and weight. Furthermore, these designs are an inefficient use of material, as the springs are never in tension, effectively cutting their energy density in half. Custom machined torsion springs have also been used, but typically are made of machinable steels that have an order of magnitude less energy storage per unit mass than fiberglass.
The beam springs used in the current design have a translational stiffness of 274 N/mm to a perpendicular load, and breaking strength of 3800 N, as measured by a materials testing system (Sintech 20G). Our spring was manufactured by Gordon Composites (Montrose, CO, USA) from unidirectional E-Glass. In this materials test, the spring fractured by shearing along the entire neutral plane, indicating that the spring had uniform strength along its outer fibers.
D. Torque Sensing
Torque is measured by indirectly measuring the deflection of the spring. Two submicron resolution encoders (ATOM; Renishaw, Wotton-under-Edge, Gloucestershire, UK) were placed before and after the spring in the drivetrain (see Fig. 1 ). The rotary encoder has a resolution of 0.1 μm, with an optical diameter of 52.15 mm, and the linear encoder has a resolution of 0.2 μm; the optical resolutions were chosen to have nearly equal counts across the range of motion. The linear encoder was used instead of the motor's encoder to avoid issues with backlash in the ball screw. Backlash would falsely appear as spring deflection.
A zero-torque calibration curve was experimentally created by moving the actuator slowly through the range of motion and measuring encoder positions. A one-dimensional lookup table is created to predict the knee angle from the linear rail carriage position, assuming zero torque. The lookup table has rotary encoder predictions for every 500 counts of the linear rail encoder; values between these are linearly interpolated from the two nearest points. Deviation from this prediction is a measure of angular deflection, from which torque can be calculated
where θ predicted is the output of the zero-torque lookup table, with rail position as the input. The rotational stiffness of the spring (k) changes with output angle. This is due to force being applied to the spring at an angle and with an offset from the neutral plane. The component of the force that is parallel to the beam spring then creates an additional moment about the spring. To characterize the stiffness as a function of angle, a load cell (LCM200; Futek, Irvine, CA, USA) was placed in series with the L2 linkage. Torques were then applied in 17 increments between the maximum continuous flexion and extension torques. An analytical solution (see Appendices) was used to transform load cell force measurements into output torque. This was repeated every 11.5°from 0°to 110°o f knee angle, with three trials at each angle. The relationship between angle, deflection, and output torque is shown in Fig. 2 . Stiffness was calculated with a linear regression of the average Fig. 3 . Spring stiffness as a function of knee angle. The simulation results were produced from an FEA using an elastic modulus value reduced 30% from the manufacturer's specifications.
torque-deflection curves at each angle. Stiffness increases very close to linearly (see Fig. 3 ), and we use a linear approximation to calculate stiffness as a function of output angle k = 372.7 · θ knee + 515.6.
We have found that the stiffness of this manufacturer's fiberglass is consistently about 30% less than predicted by beam equations and FEA using the modulus of elasticity listed in the manufacturer's technical datasheets. With a corrected elasticity, the relationship between angle and stiffness for our spring closely matches that predicted by FEA (see Fig. 3) .
A small latency (0.25 ms) existed between readings of the two encoders. If the transmission was moving, this latency caused considerable error in calculated torque. A correction (θ) was added to the rotary encoder prediction using an estimate of output angular velocity, the optical radius (r opt ) of the encoder, and the resolution (R)θ =θΔt r opt R .
The equation used to determine torque combines Hooke's law (1), the stiffness change as a function of knee angle (2) , and the velocity correction (3), as τ meas = (372.7 · θ knee + 515.6)
E. Low-Level Torque Control
The low-level torque control attempts to accurately track a desired torque. It uses the motor's electric current as the system input to close the loop around torque (see Fig. 4 ). Our unique torque sensing method via high resolution digital encoders is low-noise, allowing minimal filtering on the derivative of torque error and no filter on the knee velocity. Delay in the derivative term of a proportional-integral-derivative controller (PID) caused by a filter can cause instability. The low-pass filter on the derivative error term is a 200 Hz first-order Butterworth, which causes minimal delay.
We performed pilot experiments using a load cell (LCM200; Futek, Irvine, CA, USA) in series with L2 as the torque sensor in our feedback control. Force in L2 was transformed to torque at the output (see Appendices). Due to noise in the sensor, it had to be low-pass filtered with a significantly lower cutoff frequency than via measurement of spring deflection. To maintain stability, the PID gains needed to be significantly reduced, and torque-tracking performed poorly.
A feedforward current term, which is often used in SEA control to increase bandwidth [26] , was not added. Addition of this term required decreasing PID gains to maintain stability, which increased output impedance. Given our stiff spring and relatively mild bandwidth requirements, decreasing output impedance was more important for our application and design than increasing bandwidth.
The current drive, in addition to preventing overheating of the motor, was set to a 13 Amp limit. To prevent integral windup, the integral term was limited by bounds that are a function of the desired torque
where the integral term saturates at e max I to prevent windup.
F. System Architecture
The high-level controller, torque measurement calculations, data logging, and torque control loop are performed by an onboard single-board Linux computer (BeagleBone Black, Texas Instruments, Dallas, TX, USA). This computer was chosen for its processor speed, ease of wireless communication, analog inputs (to interface the load cell for spring validation), and serial peripheral interface (SPI) bus capabilities. The encoders are counted by two 32-bit quadrature counters (LFLS7366R-S; LSI Computer Systems) at 40 MHz. The onboard computer has a loop frequency of 1 kHz; it reads from the encoder counters via SPI and sends demand current to a motor driver (Maxon ESCON 50/5) via duty cycle of a pulse width modulation signal (2 kHz).
The single-board computer, current drive, and brushless motor are powered by a 24 V, 1300 mAh lithium-ion polymer battery (Turnigy, Hextronic Limited, Hong Kong). System architecture is shown in Fig. 5 .
G. Orthosis Structure
The orthosis (see Fig. 6 ) was designed to fit a wide range of patient sizes. The shank has 15 cm of length adjustability, and the thigh cuff has 6 cm of length adjustability. The distal thigh cuff and shin cuff have a 5 cm wide strap with an integrated tensioning system, from Click Medical (Steamboat Springs, CO, USA), which keeps the front of the leg against the cuffs' foam padding. The proximal thigh cuff is made of modified polyethylene, and uses a similar tensioning system to constrain the thigh. A foot plate and lateral ankle joint allow the device to bear its own weight, and for users to wear a personal ankle-foot orthosis in parallel. The footplate also eliminates the need for a fourth brace near the bottom of the shank, where forces may cause discomfort, as there is less soft tissue.
A challenge particular to applying knee torques using a unilateral exoskeleton is avoiding discomfort from the large sagittal plane forces on the leg. To reduce these forces, the braces on the thigh must extend as much as possible to increase the moment arm, and each brace must distribute the forces over a large area of soft tissue. The proximal thigh cuff is designed to interface with the thigh as proximally as possible, with a cutout for the groin.
A potential problem with applying torque lateral to the knee joint is the creation of a reactional torsion force that causes the orthosis to rotate about the leg. In particular, the proximal thigh cuff is at risk of deforming with the soft tissue. To reduce twisting motion of the soft tissue surrounding the femur, the force needs to be transmitted to the flexible cuff directly above the femur, not lateral to it. If the orthosis has only a lateral upright, as in our design, the flexible cuff needs to be attached above or below the femur. Our orthosis design uses a hard ABS cuff cantilevered up to the anterior side of the thigh, where it suspends the flexible cuff.
An onboard electronics box houses the computer, motor drive, battery, and encoder counters. It is placed on the lateral side of the actuator, and can easily be switched to the other side when switching legs. The exoskeleton (including actuator, electronics, and battery) weighs 4.1 kg. While the weight may be uncomfortable for gait, during sit-to-stand it bears its own weight through the foot plate, and does not considerably affect the dynamics of the movement. 
III. METHODS
A. Benchtop Actuator Characterization
The actuator was characterized using a benchtop version of the actuator housing, in which the output shaft angle could be fixed at various angles (every 11.5°across the 110°range of motion of the actuator testbed).
Step responses of 15, 20, and 35 Nm were recorded at each angle. Bandwidth was tested by prescribing a sinusoidal desired torque at a range of frequencies, and using a fast Fourier transform to determine magnitude and phase shift between desired and actual torque. The output was fixed at θ knee = 58
• . Bandwidth was tested with amplitudes of 5 and 15 Nm.
Output impedance was tested with two conditions: 1) control on; and 2) control off. Under the control on condition, the desired torque was set to zero. Under the control off condition, the device was turned OFF. For both conditions, the output shaft was manually driven through a small quasi-chirp angular displacement.
B. High-Level Sit-to-Stand Control
Because of variability in sit-to-stand timing, a time-based position controller, such as used by Zabaleta et al. [32] , could be destabilizing, and it was not guaranteed whether it would add or remove energy-that is, aid or resist the movement. Another approach is to control torque as a function of knee extensor and flexor EMG, acting as an amplifier of the individual muscles [17] , [33] . This approach may work well for reducing effort in able-bodied subjects, but due to the low and poorly controlled knee torques during stroke sit-to-stand, it is unlikely to work well for these patients.
In our approach, knee torque was prescribed as a function of knee angle, which provided flexibility in timing, did not Fig. 7 . Torque curves used in the high-level control. The torque does not start at 0 Nm when seated-it is preloaded a small amount, to compress the soft tissue around the femur, and slow the rate of torque buildup.
amplify errors in the user's knee torque, and consistently contributed a specified amount of mechanical work toward the movement. This approach behaves much like a gravity compensation scheme, with the simplifying assumption that the hip/knee work distribution is kept consistent. The torque-angle relationship used was based on the normalized torque-angle curve for able-bodied sit-to-stand [20] . A concern with this approach is that torque rapidly increases immediately after seat-off. Assistance with rapidly increasing torque may be uncomfortable and unpredictable, because timing of the torque then becomes sensitive to the starting knee angle and seat height. To mitigate this effect, a "preload" torque is added to the knee, and the slope decreased, effectively flattening the curve (see Fig. 7 ). This curve is scaled for various levels of assistance. Values for desired 
C. Sit-to-Stand and Interface Impedance Trials With Healthy Subjects
Three healthy subjects were fit with the device, and performed sit-to-stand trials at 0%, 20%, 40%, 60%, and 80% of assistance. This study was approved by the Northwestern University Institutional Review Board, and informed written consent was obtained for all subjects. Subjects ranged in age from 22 to 36 years, height from 167 to 180 cm, and weight from 54.5 to 76 kg. The seat was 44 cm tall. There were three trials at each assistance level. The assistance levels were normalized by subject weight. The root-mean-square error was calculated for each assistance level. Data were used only during the active part of each trial, when knee velocity was 5°/s or faster.
Interface mechanical impedance (i.e., the stiffness and damping of the interface between the orthosis bracing and the soft tissue of the leg) was measured by applying a stochastic torque signal to the leg with the subjects in the seated position. The subjects were asked to stay still while the torque perturbations were applied. With the subjects seated, we make the assumption that the knee joint is fixed, and all deflection is due to soft tissue deformation or deformation of the exoskeleton frame. The desired torque signal was low-pass filtered (third-order butterworth, 3 Hz cutoff frequency), resulting in a random signal with 0 Nm mean and 4.5 Nm standard deviation. Knee angle was detrended and filtered with a 22 Hz, third-order, low-pass Butterworth filter, and numerical derivatives were taken by the finite step method to obtain velocity and acceleration estimates. The stiffness, damping, and inertia were then found using least squares system identification.
IV. RESULTS
A. Actuator Characterization
Output impedance is illustrated in Fig. 8 . The interaction torque during the manual disturbances was significantly lower with control on than with the control off (note the different y-axis scaling for interaction torque.)
Step response, torque tracking of a chirp signal, and torque bandwidth are shown in Fig. 9 . Cutoff frequency for a 5 Nm input is 39 Hz, and for a 15 Nm input is 25 Hz. The spring varies in stiffness at different knee angles, so bandwidth is also dependent on knee angle. Using step responses at all angles, and the first order approximation BW = 0.35/t r , we find that bandwidth varies by ±20% across the range of motion. The rate of torque build-up in the step responses is saturated by the maximum allowable current (this can be seen in the consistent slope and differing rise times). The antiwindup control prevents excessive overshooting.
B. Sit-to-Stand and Interface Impedance
The normalized desired and measured torques for all sitto-stand trials are shown in Fig. 10 . With the output moving, there was a small torque ripple, which was not easily perceived by the users. The ripple is likely caused by nonstraightness of the ball screw, which may vary in straightness by up to approximately 0.2 mm when double supported (one fixed end, one simple end, and without the rail) according to a straightness test we performed with a dial indicator. This is supported by the ripple's consistent relation to knee angle, and the ripple's frequency corresponding to the ball screw's rotation. Tighter tolerances on the ball screw radial runout may lessen the ripple. The root-mean-square error for these trials was 0.18, 0.19, 0.35, 0.50, and 0.56 Nm for 0%, 20%, 40%, 60%, and 80% assistance levels, respectively (averages of the nine total trials at each level).
The trials with able-bodied subjects indicated high intrasubject and intersubject variability in the initial knee angle and knee velocity. One subject had faster sit-to-stand trials with the device at its highest assistance level (greater than 3.0 rad/s), and the actuator had much larger torque-tracking errors (not shown in Fig. 10 ). This provided a functional estimate of the upper bound for torque tracking to be 3.0 rad/s at high torques.
For the interface compliance tests, mean stiffness and damping for the three subjects were 327 Nm/rad (SD 45), and 5.9 Nm·s/rad (SD 0.6). The variance accounted for of the model, averaged across all trials, was 0.93. An example of the stochastic torque signal and model-predicted torque is shown in Fig. 11 . Fig. 11 . Example of fitting impedance parameters to the interface between exoskeleton and subject. A stochastic torque signal was applied (red), causing the soft tissue to deform. The model outputs stiffness, damping, and inertia values for the system. A reconstruction of the torques using these values and the angular deflection, velocity, and acceleration is shown in gray.
V. DISCUSSION
In this paper, we introduced and characterized a new torquecontrollable SEA, described considerations for designing the braces in a high-power knee exoskeleton, and presented validation data with able-bodied subjects performing sit-to-stand.
The high strength of the spring presents an option to reduce the stiffness (by reducing thickness), while maintaining enough strength for the sit-to-stand task. This could improve torque controllability and decrease output impedance, at the cost of decreased torque bandwidth. Our device is specifically designed for sit-to-stand, so both bandwidth and output impedance are within an acceptable range, and the spring was not modified. If this same design were to be modified to assist gait, which may require less torque but more transparency at higher frequencies (particularly during swing phase), it would likely benefit from a reduced spring stiffness.
The stiffness of the interface with the human is significantly lower than the stiffness of the beam spring. This compliance may dominate the dynamics between motor and joint. It is possible that this fact could be leveraged in future designs, in which the interface compliance acts as the "series elasticity" in the SEA configuration, reducing design complexity and weight. For tasks requiring position control or a high rate of torque buildup, the interface compliance may also act as a low-pass filter.
At the levels tested, the three users did not report discomfort or instability. Given the high levels of torque, this suggests that the additional mechanical work provided by the exoskeleton was learnable and comfortable. Future steps for this work involve using the device to understand how a knee exoskeleton may help stroke patients with sit-to-stand, by restoring symmetry or enabling independent transitions. The device and highlevel control have been validated, and it is expected that future work with stroke subjects will offer valuable information on the assistance levels most appropriate for aiding in sit-to-stand.
With design refinement and further research into assisting with a range of mobility tasks, a device similar to the one presented could potentially develop into a daily-use assistive device for people with poststroke hemiparesis.
APPENDICES
A. Spring Design
A variable-height beam spring with uniform strength will take the shape of a parabola [31] , [34] . Compared to a constant thickness spring, a parabolic spring is 33% lighter. But the greater advantage of this profile is the decreased stiffness-by a factor of two-while maintaining the same strength, as well as space requirements (bound by the same rectangular prism). The deflection of a parabolic beam spring is presented without derivation in [31] , but for reference, the derivation is presented here. 
The beam equation is then
where our initial conditions (due to end mounting) are
Integrating (6) and substituting into (7) to obtain c 1 , we have
Integrating again, and substituting into (7) we obtain c 2 as
Since the maximum deflection will occur at the end of the spring (where x = 0)
which is double that of a constant-height beam [34] .
B. Transmission Ratio
An analytical solution for the transmission ratio as a function of output angle was required to ensure the desired peak torques and speeds were met, as well as to characterize the rotational stiffness of the spring. The linkage is shown in Fig. 12 .
Given ball screw lead (P) and pulley diameters, the force in the screw can be found from motor torque by
Force through L 2 (and the load cell) is
The component of F A that contributes to torque is
Finally, torque is
To characterize the spring, we transformed force in L 2 (measured by a load cell) to torque at the output by
